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Abstract-Metro stations are often built in the main urban area of the cities, its surrounding buildings are dense, the sources of risk are numerous. The construction of the metro station foundation pit is bound to have a certain impact on the adjacent buildings around. Therefore, it is necessary to scientifically follow the time-space effect of the construction of the foundation pit of the metro station, control the additional stress caused by the construction of the foundation pit of the metro station to the surrounding soil and buildings in the whole process and control the construction process of the foundation pit of the metro station scientifically. In order to ensure that the metro station foundation pit construction around the adjacent buildings do not cause harmful effects. Combined with a deep foundation pit engineering example of a metro station in a city, the change of stratum stress in the process of excavation and support of deep foundation pit are simulating by using the 3D finite element software MIDAS GTS NX (New eXperience of Geo-Technical analysis System). On this basis, the construction schedule of the deep foundation pit is optimized by using the Critical Chain Method, the scientific and advanced management mode of the deep foundation pit construction of the metro station based on the risk control and time-space effect is obtained, so as to evaluate the time-space effect and the control effect of the deep foundation pit construction. The integration of mechanical modeling, mechanical analysis, risk management and schedule optimization is realized.
Index Terms-Time-space effect, risk control, Deep foundation pit of metro station, construction modeling, schedule optimization.
I. INTRODUCTION
With the rapid development of urban scale and modernization, the ground traffic becomes more and more crowded, the original ground transportation facilities cannot meet the needs of urban development. The metros can effectively alleviate this kind of urban ground traffic pressure. However, on the one hand, the metro is often built in the main urban area of the city, especially in the bustling area of the city, its surrounding buildings and pipelines and other risk sources are larger. On the other hand, the foundation pit engineering of metro station is also developing in the direction of larger area and deeper depth, the geological conditions and hydrological conditions are more complex. Therefore, the construction of deep foundation pit of metro station is a complex system engineering. If the construction process is not properly managed, it will cause damage to the surrounding environment such as buildings and underground pipelines, it will not only bring about huge economic losses. It will also have a negative social impact. Therefore, in the construction of deep foundation pit of metro station, the construction process of foundation pit of metro station should be controlled scientifically, the time-space effect of the construction of the deep foundation pit of the metro station should be followed scientifically. In order to ensure that the construction of foundation pit of metro station around the adjacent buildings do not have harmful effects.
In the application of time-space effect theory of deep foundation pit construction, Peck and Terzaghi studied the displacement mechanism of surrounding soil caused by foundation pit excavation [1] , [2] . James analyzed the deformation control of foundation pit to reduce the damage to surrounding environment, putting forward the deformation control theory of foundation pit for the first time [3] . Mana and Clough researched the influence of excavation size on foundation pit deformation by using the finite element method [4] . F. H. Lee et al. combined finite element method and field monitoring data analysis to verify the corner effect of foundation pit deformation [5] . J. L. Yu et al. considered the deformation and internal force characteristics of retaining structure under the time-space effect of foundation pit construction [6] . J. JIA solved a large number of deep foundation pits in soft soil area by using the method of time-space effect of foundation pit [7] . Z. M. WU et al. analyzed the interaction between soil nails and soil by using the space-time effect principle [8] . G. P. WANG et al. studied the space-time effect law of soil around foundation pit in soft soil area and the calculation method of internal force and deformation of supporting structure based on the finite element theory of bar system [9] . G. N. Zhou analyzed the monitoring data of railway station construction in a city [10] [12] . According to the idea of spatial mapping of interval grey numbers, the whitening weight function is introduced to represent the distribution information of interval grey numbers [13] . Y. W. Zhang et al. combined the management method of PDCA Circle with tunnel construction schedule control and put forward the corresponding rolling flexible control method of tunnel construction schedule [14] . Z. Zhang et al. adopted risk analysis method and put forward the Critical Chain Technology [15] . As can be seen from the above research, there is a lack of research on the combination of time-space effect theory and risk control theory with the deep foundation pit of metro stations. Now, the construction technology and risk control requirements of the deep foundation pit of metro station are more stringent and accurate. Based on the simulation of the ground stress change during the excavation and support of deep foundation pit by using the 3D finite element software MIDAS GTS NX, the construction schedule of the deep foundation pit is optimized by using the Critical Chain Method, the scientific and advanced management model of the deep foundation pit construction of metro station based on risk control and space-time effect is constructed. The time-space effect and control effect of the construction of the deep foundation pit are expected to reduce the construction risk and cost and improve the quality of the project.
A. Related Basic Theories 1) Time-space effect theory of foundation pit engineering
The so-called time-space effect of foundation pit engineering refers to the quantitative consideration of the influence of construction factors on the deformation of foundation pit and surrounding soil. It has the following two main characteristics.
Firstly, it is the time effect of foundation pit construction. According to the previous summary, the excavation method of layering, block, symmetry, balance and time-limited is usually adopted in foundation pit excavation, which can effectively mobilize the spatial effect of stratum, thus has the advantages of reducing stress level, controlling deformation and displacement, reducing the excavation of each construction condition until the end of bracing. Time, as far as possible to reduce the exposure time of foundation pit without support, can significantly reduce the deformation of the retaining structure, especially when the exposure time of no support is less than 24 hours.
Secondly, it is the space effect of foundation pit construction, the shape of plane section of foundation pit excavation has irregular characteristics, different plane section shape of foundation pit has different deformation laws, in the same foundation pit, the construction of the foundation pit at different parts of the deformation law is different, such as the deformation of the long side of the foundation pit is larger than the deformation of the short side. There are also different deformation characteristics of the foundation pit. Therefore, in order to achieve the purpose of construction safety, the theory of time-space effect has been widely used in the control of deformation of foundation pit engineering.
In the field of geotechnical engineering at this stage, numerical simulation method has always been one of the most effective means to study the space-time effect of deep foundation pit. Among them, the finite element analysis software Midas GTS NX is suitable for deep foundation pit construction stage. It has many advantages such as diversified modeling methods, the latest solver, high-speed analysis and processing speed, having been widely recognized by scholars.
B. Risk Control Theory of Foundation Pit Engineering 2) Whitening weight function
The key of the project schedule is to estimate the duration of the project process activities. Some projects have abundant data preparation and known project duration. In this case, the project schedule can be formulated directly by CCM method, some projects are relatively single, the relevant historical data are relatively small, the information is not available. Completely, in this case, subjective estimates are usually made based on managers or developers' own rich management experience and level of risk prediction. In view of this situation, the trapezoidal whitening weight function in the grey model algorithm is introduced, the time estimation of project process activity is improved by combining the trapezoidal whitening weight function. The characteristics of the grey model are as follows: the forecasting accuracy is high, the sample is less, the sample does not need to have regular distribution, the calculation amount of the grey model is relatively small, so it is suitable for forecasting and evaluation. According to the characteristics of grey model, this method can be used to estimate the duration of project activity which is lack of historical experience. The time interval of ladder whitening weight function is used to estimate the duration of project activity. The function graph is shown in Fig. 1 interval of the duration of the project activity. m represents the most optimistic estimate of the project process duration, n represents the minimum of the most likely completion time of the project process duration, p represents the maximum of the most likely completion time of the project process duration, q represents the most pessimistic estimate of the project process duration. As shown in Fig. 1 
Although theoretically it can be used F ^ (t) to estimate the process duration of a project, because of the nature of the nonlinear function, it is very complicated to calculate the process duration. For convenience and calculation, the nonlinear function F ^ (t) is transformed. The linear function F ^ (t) is shown as follows. n p q t By mathematical calculation, the function
The expected duration () EX of process duration
can be calculated by probability calculation.
The whitening weight function is used to estimate the process duration, the initial estimated duration (D) is calculated. The other schedule parameters are calculated with the following Critical Chain Method.
C. Critical Chain Method
Critical Chain Theory holds that the completion time of a project depends on the length of the Critical Chain and the management of the Critical Chain in the project. It is a new project management idea based on the critical path, which solves the schedule management problems of those resource-constrained projects and controls the project progress by controlling the Critical Chain. The goal of project schedule management of Critical Chain is to ensure that the project can be completed in the shortest time with limited resources. This goal means that the bottleneck in the implementation process of the project is the longest link in each path of the project, that is, the Critical Chain.
The traditional Critical Chain Method regards half of the planned time as the safety time and half of the safety time as the Project Buffer (PB). The improved method takes into account the risk time of project completion, not using a single absolute estimate of the time limit, but reducing the error caused by the estimated value of the time limit through the probability coefficient of the process.
Critical Chain Technology considers the resource constraints and the uncertainties of project duration, introducing the buffer concepts and buffer management. Because the traditional project schedule management usually adds safety time to estimate the time limit of active tasks in the project, so the time limit estimation is a very conservative and stable method, but this often causes a waste of time cost, which is very unreasonable. The new solution is as follows: traditional method is used to calculate the initial estimate value of the project process duration. The whitening weight function of grey model is used to calculate the time limit, the improved time estimate d is calculated. Therefore, the formula (5) and the safety time of Critical Chain are multiplied to get the PB formula, which is as follow. 
By multiplying formula (6) with non-Critical Chain safety time, the formula of FB is obtained as follow. 
The buffer size is calculating by the mathematical probability knowledge. The algorithm is concise. In the calculation process, the traditional method and the improved method are used to estimate the time limit respectively. The risk time of the project completion is considered, the single absolute time limit is not used. Through the probability coefficient of the process to reduce the error caused by the estimated duration, so that the estimated duration closer to the actual value of the process, more accurate. constructed by open-cut method, the retaining structure is composed of retaining piles and steel pipe internal support system. The length of the foundation pit is 206m, the width of the standard section is 21.6m, the depth of the floor is about 19.53m. The total excavation volume of the foundation pit excavation at the Erdaoqiao Station is about 9.5m, the average daily muck handling is 710m.
B. 3D Numerical Simulation of Deep Foundation Pit
Before establishing the model, we must first select the model type as 3D, the gravity direction as Z, the system unit in the toolbar, the internal force unit as kN, the displacement unit as m, the other parameters as well as the initial parameters are defaulted, as shown in Fig. 4 .
According to a large number of numerical simulation results in the past and practical engineering experience in the field, the influence range of deep foundation pit excavation in the vertical direction is 1~2 times of the excavation depth of the foundation pit, the influence range in the horizontal direction is 3~5 times of the excavation depth. Therefore, the final model size is 375m in length, 165m in width and 60m in depth.
Before establishing the model, draw the foundation pit model plan in CAD, as shown in Fig. 5 , then import the 2D DXF plan into the simulation software, or draw the plan directly in the simulation software, expand the 3D entity with the model plan which is imported or generated, then control the size of the foundation pit entity by the linear gradient method to make the network. The length of the cell is divided into 2-4 m, followed by automatic meshing operation. The length of the cell increases from the foundation pit to the surrounding radiation. This method can reduce the number of elements as much as possible under the premise of guaranteeing the precision of simulation calculation, so as to improve the calculation efficiency and reduce the calculation time. The model is divided into 232890 units. The model divides the grid as shown in Fig. 6 . According to the actual engineering conditions, the directional bracing in the direction X is set on the left and right sides of the foundation pit model, the directional bracing in the direction Y is set on the front and back sides of the foundation pit model, the directional bracing in the direction Z is set on the bottom surface of the model, the displacement in the top three directions of the model does not impose any direction of determination. To support. After the model boundary is set, the dead load is defined, the dead load coefficient is set to -1. The displacement boundary condition is set as shown in Fig. 7 . Foundation pit excavation is strictly in accordance with the time-space effect theory, zoning, layering, sectional construction, strictly in accordance with the "first support and then excavation, prohibit over-excavation" principle for safe construction. The rock and soil inside the foundation pit are excavated vertically in four layers; the excavation is carried out horizontally in the sequence of excavating the soil on both sides of the slot after excavating the part of the intermediate slot at the same time; if the excavation is carried out vertically in accordance with the actual project, the excavation is divided into seven throttling water sections, each additional throttling water section, the construction Construction stage will be doubled, resulting in excessive calculation. The result is too long and so on. Therefore, the excavation of multiple sections of the same layer is regarded as one step excavation and forming at one time. When excavating the soil, in order to erect the retaining structure safely in the pit, the earthwork should be excavated to 0.5m below the bottom of the steel pipe support, the exposure time of the unsupported area of the foundation pit should be reduced as far as possible. The specific size of the excavation area is shown in Fig. 8 , the longitudinal delamination depth is shown in Fig. 9 .
Concrete simulation of construction stags as follows: Initial stress stage: activate all rock and soil, automatic displacement constraint and self-weight, check the displacement to zero.
Construction stage 1: activate the equivalent stiffness of the diaphragm wall and excavate the first layer of soil in the middle groove area.
Construction stage 2: when excavating the two sides of the first layer of soil in the trough area at the same time, it is necessary to excavate to 0.5m below the bottom of the first support.
Construction stage 3: erecting the first purlin (crown beam) and the first transverse support, activating and prestressing it; Construction stage 4: excavating second layers of soil in the middle groove area; Construction stage 5: when excavating both sides of the second layer of soil in the bracing area, the soil must be excavated to 0.5 cm below the bottom of the second support.
Construction stage 6: the second purlin (i. e. the first waist beam) and the second cross support are erected and activated to apply prestress. Construction stage 7: excavating third layers of soil in the middle groove area.
Construction stage 8: when excavating both sides of the 3rd layer of soil in the bracing area simultaneously, the soil must be excavated to 0.5 cm below the bottom of the third support.
Construction stage 9: the 3rd purlin (i. e. the second waist beam) and the 3rd transverse support are erected, activated and prestressed.
Construction stage 10: excavating 4th layers of soil in the middle groove area.
Construction stage 11: excavation of 4th sides of soil at the same time. The vertical displacement cloud images of four construction stages at 2, 5, 8 and 11 are extracted, as shown in Fig. 10 . The vertical displacement of each area inside and outside the deep foundation pit can be understood intuitively and scientifically from the displacement nephogram. As Erdaoqiao metro station is a narrow and deep structure, the construction has a great influence on the long side and the short side of the foundation pit, more attention should be paid to the long side of the foundation pit. At the same time, the numerical simulation results are compared with the measured data to verify the practicability of the numerical simulation. On this basis, the construction schedule can be quantitatively and effectively controlled in time and space, the corresponding protective measures are taken for the key and difficult points in the construction process, so that the whole foundation pit is in a safe state, so as to achieve the goal. The organic unity of social benefits and economic benefits. 
C. Construction Progress Optimization plan
Based on the above 3D numerical analysis, the optimization Critical Chain method is used to optimize the schedule of deep foundation pit project. The foundation pit activity can be divided into 32 activities. From the gray fuzzy whitening weight function, 32 specific initial construction time D can be obtained, as shown in the table below.
The PB from the above table is external stability of deep foundation pit can be understood intuitively and scientifically in time and space, the practicability of numerical simulation can be verified by comparing the numerical simulation results with the measured data. On this basis, the construction schedule can be controlled quantitatively and effectively in time and space. Corresponding protective measures are taken for the key and difficult points in the construction process, so that the whole foundation pit is in a safe state, so as to realize the organic unity of social and economic benefits. Based on the Critical Chain and combined with the grey fuzzy whitening weight function, the project scheduling method is more in line with the actual project management than the traditional project scheduling method. It overcomes the Parkinson's Law, Student Syndrome and Punishing Delay Only in project management. And the disadvantages of those who have quality problems.
The analysis of an example shows that the model and the method are effective, it can also be flexibly implemented in the case of resource change and schedule deviation. This research method is helpful to improve the schedule optimization and adjustment control level of large-scale construction projects and has a good application prospect.
By analyzing, the PB is 13 days, indicating that if there is a problem in the process on the Critical Chain, it will lead to project schedule delay, the time available for schedule delay will not affect the progress of the Critical Chain has 13 days, the FB is 4 days, if there is a delay in the process on the non-Critical Chain, to avoid the impact of time on the Critical Chain, there are 4 days.
III. CONCLUSION
By using numerical simulation method, the internal and
